Multiple-use public lands require balancing diverse resource uses and values across landscapes. In the California desert, there is strong interest in renewable energy development and important conservation concerns. The Bureau of Land Management recently completed a land-use plan for the area that provides protection for modeled suitable habitat for multiple rare plants. Three sets of habitat models were commissioned for plants of conservation concern as part of the planning effort. The Bureau of Land Management then needed to determine which model or combination of models to use to implement plan requirements. Our goals were to: 1) develop a process for evaluating the existing habitat models and 2) use the evaluation results to map probable and potential suitable habitat. We developed a method for evaluating the construction (input data and methods) and performance of existing models and applied it to 88 habitat models for 43 rare plant species. We also developed a process for mapping probable and potential suitable habitat based on the existing models; potential habitat maps are intended only to guide future field surveys. We were able to map probable suitable habitat for 26 of the 43 species and potential suitable habitat for 41 species. Forty percent of the project area contains probable suitable habitat for at least one species (43,338 km 2 ), with much of that habitat (43%) occurring on lands managed by the Bureau of Land Management. Lands prioritized for renewable energy development contain 3% of the habitat modeled as suitable for at least one species. Our products can be used by agencies to review proposed projects and plan future plant surveys and by developers to target sites likely to minimize conflicts with rare plant conservation goals. Our methods can be broadly applied to understand and quantify the defensibility of models used in conservation and regulatory contexts.
Introduction decisions that affect large land areas and many stakeholders, which is often the case with public land management decisions made by the BLM [2, 12, 13] .
Given the availability of multiple models, the BLM needed to determine which model or combination of models should be used to implement the requirements in the land-use plan. A straightforward approach would be to use the model producing the best map, e.g., the map with modeled suitable habitat overlapping the largest number of occurrences. An evaluation of results is the most common way that models are evaluated and is ideally done with occurrences independent of those used to build the model. In addition to evaluating model results, there is also interest and value in evaluating the modeling procedure. Evaluation of results alone does not prevent the incorporation of a poorly constructed and less defensible model benefitting from unusual predictive success. Such a model may reflect known occurrence data, but the lack of a strong foundation undermines its defensibility, perhaps nowhere more than where no occurrence data exist and where distributional information is therefore greatly needed.
Numerous modeling components have been shown to affect model performance including the quantity and quality of both occurrences and environmental covariates, modeling extent and grain size (resolution), modeling algorithm, and methods and metrics used to assess performance. For example, a model might be based on species occurrence locations that inadequately cover the environmental niche or on a general suite of environmental covariates that are not all relevant to the distribution of the species; the specific covariates used to model suitable habitat are crucial to model performance [14] . Implementing techniques for selecting the best combination of covariates can minimize overfitting and improve performance [15, 16] . Many studies have found that these and other steps are important to the performance of habitat suitability models, but we found few that included instructive guidelines for evaluating and comparing existing models (but see [17] ). Due to data limitations, model evaluation is often based on a subset of the occurrence data used to build the model which may, largely because of autocorrelation, exaggerate model performance [18] . Independent data should therefore be used for model evaluation when available [19] . Also important, when applicable, is the threshold used to convert continuous habitat suitability results to categorical (usually binary) results [20] .
Our goals were to: 1) develop a process for evaluating existing habitat suitability models including both model construction (input data and methods) and the accuracy of the results and 2) use the evaluation results to map probable suitable habitat for use in land-use planning and implementation decisions. We applied our process to a case study focused on 88 models of 43 rare plant species in the California desert for which land-use planning decisions and actions are needed to inform ongoing renewable energy development. In doing so, we developed an approach for evaluating existing habitat suitability models which is broadly applicable and can be used to understand and quantify the defensibility of other models that may be used in conservation and regulatory contexts. We hope this work can contribute to a strong foundation for future efforts focused on accommodating development actions that benefit society while also protecting habitat for rare and declining species.
Methods

Study area and species in the California desert
The project area, bounded by 32˚37.109' and 37˚39.972' north and 114˚7.848' and 1184
1.485' west, encompasses 108,126 km 2 in the California desert, 44,280 km 2 of which are public lands managed by the BLM [21] , and 1,734 km 2 of which have been prioritized for renewable energy development [22] . The area includes portions of the Mojave, Colorado/Sonoran and the Great Basin deserts and is dominated by short, isolated mountain ranges within desert plains. Within this area there is a wide elevational range from 85 m below to 2,650 m above mean sea level and a variety of landforms including mountains, plateaus, alluvial fans, playas, basins, and dunes. Given the varied topography and geology of the area, there are many different biological communities within the project area [23] . The 43 plant species we examined were of primary interest in the DRECP planning effort because they were listed under the Endangered Species Act (Endangered Species Act of 1973 as amended, 16 USC §1531-1544), considered rare or sensitive by the state or the BLM, or likely to be impacted by future development within the planning area (Table 1) . We present results for Harwood's eriastrum (Eriastrum harwoodii) here and provide complete results for all species in S1 Supporting Information.
Existing habitat suitability models for rare plants in the California desert
Leaders of the DRECP planning effort originally commissioned development of habitat suitability models for a suite of rare and sensitive plants to inform plan development. To address concerns with the original set of models [5, 6] and broaden and update the information base used to implement plan requirements, the BLM commissioned development of additional habitat suitability models by two other contractors for rare plants occurring within the DRECP boundary.
The three sets of models included models for different species and used different inputs, algorithms, extents, resolutions, and modeling decisions [24] [25] [26] [27] [28] . We were working with incomplete information for each contractor; in no case did we have the complete suite of information needed to reproduce the models including a comprehensive report, electronic data (occurrences and covariates), model parameters, and full model output. One contractor (working with two subcontractors) produced as many as three models for some species; when multiple models were available, we only used the model recommended for use in the DRECP planning effort. We purposefully do not refer to the individual organizations that developed specific models, as this information is not needed to understand the methods or interpret the results of our study.
Method for evaluating existing models and mapping suitable habitat
We developed a two-pronged approach for evaluating the existing habitat models that consisted of: 1) an evaluation of model construction (input data and methods), and 2) a post-hoc quantitative evaluation of model performance (Fig 1) . In each prong, we established specific requirements for determining if and how model results would be used to map suitable habitat. We evaluated as acceptable those models meeting minimum criteria for occurrence input data (number, age, and spatial accuracy) and used them to map probable suitable habitat (for implementing land-use plan actions). To map potential suitable habitat (for guiding future plant surveys only), we used models not used to map the outer boundary of probable suitable habitat, as described below (Fig 1) .
Evaluating model construction (input data and methods). We developed a list of categories and topics for evaluating model construction (input data and methods) for existing models (Table 2 ) by expanding and refining the work of Sofaer et al. [17] for application to our case study. We also developed specific criteria, based on the qualitative work of Sofaer et al. [17] , to assign ranks of ideal, acceptable, or interpret with caution to each topic (Table 2) . Importantly, our criteria had to address the specific context and purpose of this study, be practical to apply, and generate clear evaluation results based on the available information (primarily the reports and data submitted by each contractor). Occurrence data from 1981-2012 in the California Natural Diversity Database (CNDDB) [49] were likely used by all of the contractors, and we therefore used these data to evaluate the occurrence data topics (hereafter referred to as evaluation occurrences). Models failing to exceed exclusion criteria for the number, age, or spatial accuracy of occurrence data (see text in bold in Table 2 ) were not considered acceptable for mapping probable suitable habitat; they were instead considered for use in mapping potential suitable habitat for the purpose of guiding future plant surveys.
The evaluation results for each model include a brief description of the basis for each topic rank. Topics for which the contractor provided no details were assigned a rank of interpret with caution because of the lack of defensibility of that component of the model.
Evaluating the performance of the existing habitat models. The second prong in our evaluation (see Fig 1) utilized the capture rate, i.e., the percentage of occurrences within the modeled suitable habitat, of the evaluation occurrences to evaluate the performance of model results. These evaluation occurrences were likely used by all of the contractors according to both the reports from each organization and to the lead CNDDB botanist (K. Lazar, pers. comm. May 2018). We used only those occurrence polygons with high spatial accuracy (i.e., accuracy classes 1, 2, 3 [limited to those polygons smaller than or equal in size to a circle with a radius of 150 m], and 4) [33] . We represented the location of each polygon by its internal centroid and randomly sampled the largest possible number of occurrence centroids that were separated by a minimum of 430 m from any other occurrence centroid. This last step ensured that no two evaluation points could have fallen within the same pixel during model construction for nearly all of the models (two of the 88 existing habitat models had pixel resolutions of approximately 355 m). Rare plant habitat model evaluation and mapping to inform public land management in the California desert Table 2 . Categories, topics, and criteria for evaluating the model inputs and modeling methods used in existing habitat models for rare plants in the California desert. Models were assigned qualitative rankings of interpret with caution (red), acceptable (yellow), or ideal (green) based on the criteria described below. The first three occurrence data topics (number, age, and spatial accuracy of occurrences used to develop the model) also include exclusion criteria (in bold); models exceeding all three exclusion criteria were evaluated as acceptable for use in mapping probable suitable habitat. Models failing any of these exclusion criteria were considered for use in mapping potential suitable habitat for use only in targeting future field surveys (see Methods) . 
>20%
) are from a source for which the reliability of species identification is unknown, or are of a nature that suggests concern with species identification (e.g., historic records with no notes) Small proportion of records (e.g., 20%) are from a source for which the reliability of species identification is unclear or unknown, or are of a nature that suggests concern (e.g., historic records with no notes)
All records are from a source where data are reviewed, vetted, and quality-checked for accuracy (e.g., CNDDB) [7, 35] Spatial bias of occurrences Spatial bias is apparent in records (e.g., clumped in space) and records were not thinned to a minimum separation distance Records are likely to have been collected opportunistically and/or are clumped, but exhibit (or have been thinned to) an acceptable separation distance
Records are well-spaced out or a majority appear to have been collected through systematic surveys [36] Spatial distri-bution of occur-rences Records are available from a limited portion of the known species' range Records are available across a substantial portion of the known species' range
Records are from systematic surveys conducted across most of the species' known range [18] Absence data No absence data are available, and the modeling method does not account for this No absence data are available, but the modeling method either doesn't require absence data or accounts for the lack of absence data using appropriate selection of background points Both presence and absence records are available from systematic surveys [37] (Continued ) Covariate selection justified based on specific biological and ecological characteristics of the species [14] Compre-hensive Covariates reflect few of the known aspects of the biology of this or similar species
Covariates reflect some major known aspects of the biology of this or similar species
Covariates encompass all major known aspects of the biology of the species [7] Resolu-tion and scale Spatial, temporal, and thematic resolution and analysis scale of the covariate data not considered or justified in relation to the species' biology, and/or appear to be a poor match Spatial, temporal, and thematic resolution and analysis scale of the covariate data considered/ justified in relation to the species' biology, with the majority appearing to be a reasonable match Spatial, temporal, and thematic resolution and analysis scale of the covariate data considered/ justified in relation to the species' biology, and all appear to be a good match [14] Accur-acy There is no evidence that the accuracy of the covariate data was considered There is evidence that the accuracy of the covariate data was considered and generally deemed acceptable by the modelers for modeling rare plant habitat in the region
The accuracy of each covariate was considered by the modelers and found to be acceptable for this species [38] Number of covar-iates 
Model selection and thresh-olds
Model selection Method of model selection is not commonly used in the peerreviewed literature, and/or not enough details were provided to be able to clearly understand (or repeat) the process Method of model selection is commonly used in the peer-reviewed literature or clearly described, but not enough details were provided to be able to repeat the process The final model was selected using a clear, objective, well-accepted, welldocumented, and repeatable process [47] Selection of threshold for mapping suitable habitat Method of threshold selection is not commonly used in the peerreviewed literature and/or not enough details were provided to be able to clearly understand (or repeat) the process Method of threshold selection is commonly used in the peer-reviewed literature or clearly described, but not enough details were provided to be able to repeat the process
The threshold was selected using a clear, objective, well-accepted, and repeatable process [8, 48] https://doi.org/10.1371/journal.pone.0214099.t002
Rare plant habitat model evaluation and mapping to inform public land management in the California desert
Mapping probable suitable habitat based on the existing models
We used only those models that met two conditions to delineate the outer boundary of probable suitable habitat. First, the model had to exceed the three exclusion criteria that we identified for the number, age, and spatial accuracy of occurrences used to develop the model (Table 2) . We refer to these models as 'acceptable' models. Second, the model results had to capture, or be able to be modified to capture, a specified percentage of the evaluation occurrences. We reviewed the literature, explored multiple possible occurrence capture rates (70%, 80%, 90%, 100%), and worked with botany, wildlife, geographic information system (GIS), policy, and planning staff at the BLM California State Office to select 80% as the required minimum capture rate for mapping the outer boundary of probable suitable habitat for this project. Thus, models evaluated as acceptable for which the suitability threshold selected by the contractor met this capture rate, or models for which the threshold could be altered to meet this capture rate, were used to map the outer boundary of probable suitable habitat (see next section). In some cases, model thresholds were increased to reduce the capture rate to approximately 80%. One organization (Contractor B) used modeling methods that often made it difficult to closely match specific capture rates, and we therefore reduced the acceptable capture rate requirement to 78% for their models.
We used the union of models meeting both criteria, i.e., those exceeding all three exclusion criteria and capturing 80% of the evaluation occurrences, to delineate the outer boundary of probable suitable habitat for a species. If this boundary did not capture at least 90% of the evaluation occurrences, we decreased suitability thresholds of the base models until the final (union) map met the 90% capture rate requirement. The methodology of one organization (Contractor B) made it difficult to closely match the 90% capture rate and we therefore reduced the acceptable capture rate requirement to 89% when their model was included. When only one model was deemed acceptable for mapping probable suitable habitat, the threshold of that model was adjusted to capture as close to 90% of the evaluation occurrences as possible.
Within the outer boundary of probable suitable habitat, we mapped all models evaluated as acceptable, i.e., those models that exceeded the exclusion criteria regardless of whether or not they met the 80% minimum capture rate. For each pixel of probable suitable habitat, we quantified both the number of models that predicted suitable habitat and the average habitat suitability score [50] .
We finalized each map by masking the Salton Sea [51] . Additionally, we calculated the area of probable suitable habitat classified as developed (i.e., 'LF20: Developed') by the Landscape Fire and Resource Management Planning Tools Project (LANDFIRE) existing vegetation type (EVT) dataset [52] . We considered masking developed areas in both the maps and electronic datasets; however, in a visual examination of National Agriculture Imagery Program (NAIP) imagery ( [53] , 60 cm resolution), we found multiple occurrence locations for multiple species that were classified as developed by LANDFIRE EVT. Thus, we chose not to mask developed areas and instead present the full model results.
In addition to the evaluation occurrences (1981-2012 CNDDB), we also computed capture rates of more recent CNDDB occurrences (2013-2018), representing an independent evaluation. We processed these recent occurrences in the same way as the 1981-2012 occurrences. While there were too few of these more recent occurrences for use in the baseline assessment for all species (see Table 1 ), the capture rates of these independent occurrences, when available, provide valuable additional information to map users.
Mapping potential suitable habitat for use in guiding future plant surveys
We mapped potential suitable habitat (for use in targeting future plant surveys) with models that were not used to map the outer boundary of probable suitable habitat. In general, we mapped potential suitable habitat using: 1) models that failed one or more exclusion criteria for occurrence data, and 2) models that could not be modified to meet our 80% minimum occurrence capture rate criteria. One contractor masked their model results such that their recommended map included only those watersheds with one or more known occurrences. We considered the masked results for mapping probable suitable habitat; we used the unmasked results for mapping potential suitable habitat regardless of whether the masked version was used in our map of probable suitable habitat. Thresholds for the individual models used to map potential suitable habitat were altered, when possible, to capture as close to 80% of the evaluation occurrences as possible.
Individual and multispecies products
Results were packaged in multiple ways to facilitate use by the BLM and others with an interest in resource management in the California desert. For each species, we provided: 1) an evaluation of the model construction (input data and methods), 2) a map of the existing habitat suitability models, 3) a map and performance evaluation of probable suitable habitat, and 4) a map of potential suitable habitat for guiding future plant surveys. We also developed a multi-species product representing the number of species for which each pixel was modeled as probable suitable habitat, to assist in initial screening of proposed development projects. Probable and potential suitable habitat maps are provided as: 1) hard copy maps with relevant boundaries and land-use designations (S1 Supporting Information), and 2) electronic, open-access raster datasets [50] .
Results
Evaluating model construction (input data and methods) of the existing models
The three existing habitat models for Harwood's eriastrum all exceeded the exclusion criteria for number, age, and spatial accuracy of occurrence data. Thus, we considered all for mapping probable suitable habitat (Table 3 ). There were topics evaluated as 'interpret with caution' for each model, particularly models from contractors B and C in the categories of occurrence data (contractor C), environmental covariates (both), and modeling algorithm (both). This same general pattern held true for the remaining 42 species (see S1 Supporting Information Tables B1-B43), as many of the interpret with caution rankings were related to unclear or unspecified methods that applied to every species modeled by that organization.
Evaluating performance of the existing models
The Harwood's eriastrum models, as delivered by the individual organizations, captured between 66 and 81% of the 67 evaluation occurrences. The area of modeled suitable habitat also varied, from 397,802 to 3,557,133 acres (Fig 2) . Two of the three models (contractors A, B) captured, or were modified to capture, 80% of the evaluation occurrences. Contractor C provided only model results above their selected suitability threshold, and thus we could not decrease the threshold to meet the 80% capture rate criteria for Harwood's eriastrum. We therefore used the results of only two of the three models to map the outer boundary of probable suitable habitat. Two models were similarly used to map the outer boundary of probable suitable habitat for many other species (S1 Supporting Information). The number of acres of modeled suitable habitat also varied widely across contractors for some of the other rare plant species (S1 Supporting Information). Table 2 for a description of the criteria used to rate each topic as interpret with caution (red), acceptable (yellow), or ideal (green). Evidence in the organization's submitted report, data, and metadata was used as the basis for determining topic ratings. All records are from CNDDB, for which species identification is reliable.
Table 3. Evaluation of model construction (input data and methods) for the three existing habitat models for Harwood's eriastrum (Eriastrum harwoodii). Please see
All records are from CNDDB, for which species identification is reliable.
All records appear to be from CNDDB, for which species identification is reliable.
Spatial bias of occurrences � Report indicates that records were thinned to 1 presence in each 270 m cell. CNDDB records are separated by 250 m or more [33] . Report indicates that habitat was not modeled for species with occurrence records limited to "a very small area under highly constrained habitat conditions".
Spatial distribution of occurrences � Currently available CNDDB records appear to be from a substantial portion of the occupied geographic subdivisions for the species in California [54] .
Currently available CNDDB records appear to be from a substantial portion of the occupied geographic subdivisions for the species in California [54] .
Absence data MaxEnt randomly samples background locations.
Modeling method does not require absence data.
Environ-mental covariates
Ecological relevance The report states that the following criteria were used for selecting covariates: "Significant habitat factor for �1 of the species; adequate resolution; available for entire study area; best available (accuracy and currency); based on ecological studies". 
Comprehensive
The report states that covariates are "based on available ecological studies and life history accounts for that species".
A team of BLM botanists determined that this was a generally comprehensive set of covariates, but that surficial geology is important to some species. The effect of this omission was unknown but of concern.
It appears from the report that the same covariates were used for all species: "spatial data for eight habitat variables, including associated vegetation types, soil texture, parent material (rock type), ecological subregion, watershed boundaries, elevation, and slope".
A team of BLM botanists determined that this was a generally comprehensive set of covariates, but that surficial geology and climate variables capturing seasonality could be strong predictors for some species. The effects of these omissions were unknown but of concern.
The report states that there was collaboration in identifying the covariates with "BLM and team members at UC Riverside Center for Conservation Biology". Because of this collaboration, we assumed that the covariate data used are reasonably comprehensive.
A team of BLM botanists agreed with this conclusion.
Resolution and scale Covariates probably match temporally and thematically, but spatial resolution (270-360 m) was not justified/ explained.
A team of BLM botanists agreed that a stated rationale would have been preferable but deferred to the modeling group.
Covariates probably match temporally and thematically, but 30 m spatial resolution was not justified/explained.
Covariates probably match temporally and thematically, but spatial resolution (180-250 m) was not justified/ explained.
Accuracy Most covariate datasets are from known and commonly used sources, and report indicates the accuracy of the covariate data was considered.
Although most covariate datasets are from known and commonly used sources, the report did not document any consideration of covariate data accuracy within the project boundary.
Number of covariates Model includes 12 covariates and 255 occurrences (though from ca.
original occurrence locations) Model includes 19 covariates and 49 occurrences
Model includes 5 covariates and 55 occurrences; Report stated that no more than one variable per 10 occurrences was allowed.
Current covariate data Covariates used represent contemporary conditions (or resources such as soils and geology that change very little over time).
Covariates used represent contemporary conditions (or resources such as soils and geology that change very little over time).
Covariate selection MaxEnt weights covariates based on relationships with occurrences.
No covariate selection process-all covariates used for all species.
A covariate selection process is implied in the report, but unclear.
Correlation
MaxEnt accommodates the use of correlated covariates [55] Report provides no indication that correlations among covariates were considered.
Report provides no indication that correlations among covariates were considered.
Modeling algorithm Use in the literature MaxEnt is commonly used and accepted for species distribution modeling [56, 57] Method of using occurrence locations to inform a GIS-based overlay model is uncommon in the recent peer-reviewed literature, and the report did not provide sufficient detail to fully understand the modeling process.
Modeling method (based on Mahalanobis distance, implemented in the R package aster) is uncommon in the field of species distribution modeling, and the report did not provide sufficient detail to fully understand the modeling process.
Interactions MaxEnt accommodates covariate interactions.
The method is non-statistical, and thus ignores covariate interactions. Not enough information was provided in the report to address this topic, but consideration of covariate interactions is apparently not automatic [58] .
Non-linear MaxEnt accommodates non-linear relationships between covariates and occurrence data.
Not enough information was provided in the report to address this topic. The modeling method could accommodate non-linear relationships, but it is unclear if it did so. Not enough information was provided in the report to address this topic, but incorporation of non-linear relationships between covariates and occurrence data is apparently not automatic [58] .
(Continued ) Model extent Project area included most of the area of occupied geographic subdivisions for the species in California [54] .
Project area included most of the area of occupied geographic subdivisions for the species in California [54] .
Resolution of model output Output resolution (270-360 m) is finer than resolution of multiple covariates, and appropriate recommendations for spatial scale of use are not provided.
Output resolution (30 m) is finer than multiple covariates, and appropriate recommendations for spatial scale of use are not provided.
Output resolution (180-250 m) is finer than resolution of multiple covariates, and appropriate recommendations for spatial scale of use are not provided.
Model selection and thresholds
Model selection MaxEnt implements a machine-learning algorithm to determine covariate weights, but some details needed to repeat the process were not provided in the report.
A single model was built by weighting covariate values by occurrence locations. Subsequently, watersheds without documented occurrences along with developed areas and permanent water were removed. Report did not provide sufficient detail to be able to repeat the process.
Several combinations of the covariates were compared, but specific details are not provided in the report.
Selection of threshold
for mapping suitable habitat Threshold selected based on maximum training specificity plus sensitivity [59] . Not enough information was provided in the report to address this topic.
Report indicates that they used the suitability value that "best encompassed the species known location points". The percentage of occurrences captured varied across species, so the details of this step are unclear.
https://doi.org/10.1371/journal.pone.0214099.t003
Mapping probable suitable habitat for Harwood's eriastrum
The (spatial) union of the two Harwood's eriastrum models meeting the 80% desired capture rate formed the outer boundary of probable suitable habitat, encompassing 1,937,975 acres within the project area (Fig 3) . The third model, which exceeded the three exclusion criteria but could not be altered to capture 80% of the evaluation occurrences, was only mapped within the already established outer boundary. As a result, 64% of the probable suitable habitat was mapped by multiple models (i.e., 2 or 3 models), and average habitat suitability scores ranged [2] . Note that some areas mapped as probable suitable habitat are currently classified as developed [52] . from 10 to 89 (scores were standardized from 1-100, [50] ). Less than 1% (14,836 acres) of the mapped probable suitable habitat is currently classified as developed by LANDFIRE EVT. The final map of probable suitable habitat captured 96% of the evaluation occurrences (n = 67) and 100% of the 2013-2018 (i.e., independent) occurrences (n = 14). Overall, we were able to map probable suitable habitat for 26 of the 43 species of interest (Table 1) , with areas of probable suitable habitat ranging from 22,453 to 2,632,407 acres (S1 Supporting Information Table A1 ). On average, 45% of species' probable suitable habitat occurred on public lands managed by the BLM (range 15-85%) and 2% of that habitat was within areas prioritized for renewable energy development in the DRECP (range 0-6%, S1 Supporting Information Table A1 ). On average, 2% of probable suitable habitat for each species was mapped by LANDFIRE EVT as developed (range 0-20%, S1 Supporting Information Table A1 ).
Mapping potential suitable habitat for use in guiding future plant surveys
As all three existing habitat models for Harwood's eriastrum were used to map probable suitable habitat, the only additional areas mapped as potential suitable habitat (i.e., outside of the probable suitable habitat boundary) were: 1) the additional area mapped as suitable by Contractor C, since the threshold for their model could not be decreased to capture 80% of the evaluation points, and 2) the area mapped as suitable by Contractor B that was outside of watersheds with known occurrence locations, i.e., the unmasked version of their model (Fig  4) . Within the area mapped as potential suitable habitat, 32% of the area was mapped by more than one model and the average of the standardized habitat suitability scores ranged from 35 to 89 [50] .
Multispecies product
We identified 10,708,975 acres within the project boundary (40% of the total project area) that are mapped as probable suitable habitat for at least one rare plant species (Fig 5) . Nearly 45% (4,554,576 acres) of that habitat occurs on public lands managed by the BLM, including 193,659 acres that occur within areas prioritized for renewable energy development identified in the DRECP [2] .
Discussion
Effective management of multiple-use lands requires openly acknowledging tradeoffs between potentially conflicting resource uses such as development, recreation, and conservation [60] . Pressure is increasing to allow more intensive uses of public lands [61] , which also provide critical habitat for sustaining many rare and declining species [62] . Renewable energy development in the California desert can move California closer to its sustainability goals for energy acquisition (California Senate Bill 350: Clean Energy and Pollution Reduction Act [2015] ), but can involve tradeoffs when areas prioritized for development coincide with areas supporting rare plants and animals [63, 64] . Clear, defensible, science-based information can help managers implement measures in land-use plans that help to balance such tradeoffs.
The areas prioritized for renewable energy development within the DRECP were designed to both maximize renewable energy potential and minimize environmental conflicts [65] . Our results indicate that while the vast majority of rare plant habitat occurs outside of these development focus areas, approximately 3% of the habitat suitable for Harwood's eriastrum and 2% (range 0-6%) of the habitat suitable for other rare plant species occurs within the development focus areas. Project proponents and resource managers working in the DRECP can use our maps and other spatial data to help guide the selection of project locations to avoid or minimize loss of rare plant habitat in these areas. Project proponents are also required to conduct plant surveys during project evaluation, and results of these surveys can inform both the design of development projects and future habitat modeling and validation efforts. The method we developed builds on existing science that highlights key topics and concerns in developing species distribution models [7, 17, 44, 55] . We addressed common problems that can occur when contractors deliver to management agencies model outputs without the full suite of associated occurrence and covariate data [7] . A goal of the original modeling efforts Rare plant habitat model evaluation and mapping to inform public land management in the California desert was identification of both the location and degree of potential conflict between rare plant habitat and renewable energy development. Our project evaluated the construction and results (performance) of competing habitat models and provided results that can be used by land managers. Our evaluation process, particularly with respect to model construction (input data and methods), highlights numerous modeling steps that still require science-based recommendations and imposes clear criteria for use of information that may be used in a regulatory capacity. Additionally, our method is transferable and incorporates three actions to facilitate the evaluation and use of existing models for conservation and management decision-making: 1) evaluation based both on information provided by the model developer and on high-quality evaluation occurrences from a reliable source (here, one of the more than 80 natural heritage programs that NatureServe oversees), 2) close collaboration with the agency to identify who will use products and for what purposes (here, probable suitable habitat maps for informing land-use decisions and implementation of surface disturbance caps in the DRECP and potential suitable habitat maps for informing future plant surveys), and 3) provision of products in multiple formats through peer-reviewed outlets to increase transparency, defensibility, and data accessibility.
Using probable suitable habitat maps to inform development and implement the land-use plan
Our study provides clear and relevant products as well as guidelines for their interpretation and use by stakeholders with an interest in public land management in the California desert. The final maps of probable suitable habitat represent our goal of mapping the best available representation of probable suitable habitat based on the existing models and data for the species in the project boundary. Populations of these rare and sensitive plants are likely to have a better chance of persisting into the future if probable suitable habitat is protected from loss and degradation. Areas where multiple models overlap and where average habitat suitability scores are high provide additional indications that mapped areas are suitable for the species. The evaluation of model inputs and methods, which is less common than evaluations of model results [17] , provides context for map use-users can have more confidence in maps for which most evaluation topics were rated as ideal or acceptable (Table 3, S1 Supporting Information  Tables B1-B43 ). It is also important to test model results with evaluation data, ideally independent of those used to build the model (Fig 3, S1 Supporting Information) ; high capture rates provide users with greater confidence in map results, particularly when sample sizes are larger (e.g., �10 occurrence locations).
A primary envisioned use for the maps of probable suitable habitat is for agency screening of areas proposed for future renewable energy development. Our multispecies map could be used in the first of four screening steps to identify whether project areas may contain suitable habitat for rare plants. When used together, the multispecies data product and probable suitable habitat data for the individual species provide information about both how many species and which individual species may have suitable habitat at a given location. The presence of probable suitable habitat near a proposed development area is an indication that probable suitable habitat may be present on the site. The electronic data [50] are presented at a spatial resolution of 10 m pixels, which was used so that none of the contractors' model results would be lost. Using the maps of probable suitable habitat at a resolution no smaller than 360 m (i.e., 36 pixels x 36 pixels) ensures that the maps are not used at a resolution finer than that of the coarsest input model. A second step in the screening process is examination of the relevant probable suitable habitat species maps and recorded occurrence locations (occurrence data may be requested from CNDDB, https://www.wildlife.ca.gov/Data/CNDDB). Investigating average habitat suitability scores as well as the number of models predicting suitable habitat for a species will provide additional information, with larger scores and more models suggesting greater confidence in the suitability of a site for the species.
A third step in using our products for project screening relates to informing siting decisions (e.g., siting of a project within a Development Focus Area). Consulting information on habitat characteristics of species that may be present together with other relevant spatial data (e.g., the most recently available soils, surficial geology, land cover, and species occurrence data) will provide additional insight into the suitability of the area for the species in question. This step may provide crucial new information for areas that are currently data poor or not yet surveyed.
A final step in using our products to help inform land-use decisions, including design of the surface disturbance footprint of a proposed development, is to conduct on-the-ground plant and habitat surveys whenever our products indicate that probable suitable habitat may be present on or near the proposed disturbance area. Newly collected occurrence data from these surveys can be used to further test existing models.
Some areas of modeled probable suitable habitat might not be occupied at any given time because of fluctuations in population numbers and distribution (e.g., due to unfavorable weather conditions, competition with other native or invasive species, herbivory [66] ). The distributions of rare species are particularly difficult to predict [67] ; the limited knowledge of and data for most rare desert plants means that some areas predicted to be suitable may not in fact be and vice versa. For example, some locations mapped as suitable habitat may have been recently developed, or there may be small inclusions (too small to be mapped in land-cover products) of a land-cover type that is likely to support the species within larger areas of a different (less suitable) land-cover type. As we gather more plant survey data and more information about environmental factors (e.g., soils, weather and climate, physiological limits) driving the distribution of these species, we can refine habitat suitability models.
Using the maps of suitable habitat to target future plant surveys
Maps of potential suitable habitat are intended only as a tool for maximizing the benefits of on-the-ground plant surveys for collecting new data that can be used to develop and update habitat suitability models [68] . Prioritizing future survey effort in areas that are mapped as probable suitable habitat by multiple models, have relatively high habitat suitability values, and are distant from known occurrence locations may provide the greatest return on investment. Using the maps of potential suitable habitat to select future survey locations in a similar manner may further expand our information about and understanding of species' environmental tolerances.
Improving models and data for public land management applications
Our case study application of these methods for evaluating existing models and using the results to map probable suitable habitat revealed five common areas in which available information limited our ability to confidently map probable suitable. First, for some of the species examined, existing models were based on a very small number of occurrences (<10 locations, see S1 Supporting Information). In other cases, there were no recent (>1980) occurrences in CNDDB with which to evaluate the performance of the existing model (Table 1) . Targeting future survey efforts first toward these two categories of species may improve both circumstances and contribute to defensible and accurate mapping of probable suitable habitat. A second priority for additional surveys is those species for which there are fewer than 50 recent, spatially accurate occurrences, or for which the locations are highly clustered. Studies have indicated that 50 or more occurrences may be needed to stabilize performance with some modeling approaches [30] , and clustered occurrence data covering a small proportion of a species' range are less likely to represent the breadth of environmental conditions that are suitable for the species [18] . Additional considerations in prioritizing future plant surveys include the conservation status of the species at federal and state levels, the overlap of the species' habitat with locations prioritized for energy or other types of development (e.g., recreation areas), the sensitivity of the species to projected climate change in the region, and the life history characteristics of the species.
Defensibility of model results is greatest when the organizations developing models for informing regulatory activities use methods and algorithms that are tested and well established in the scientific literature. This was not the case for two of the three sets of models examined here. Also, agencies find it difficult to use information that is only available for part of the project area. Expanding current project areas, in consultation with land managers, can accommodate future planning efforts that use slightly altered boundaries, as was the case here (J. Karuzas, pers. comm.). Delivering complete and continuous model outputs to agencies facilitates their use should different habitat suitability thresholds be relevant in the future. The multipleuse mandate of the BLM and other public land managers means that the tradeoff between using lower thresholds that identify larger areas of habitat, but may leave fewer development opportunities across the landscape, is a key consideration; such decisions may change over time and with different administrations. For example, 24 of the existing models were difficult to use for mapping probable suitable habitat because only those results above the contractor's selected threshold were delivered to the agency.
Environmental covariates used in the models examined here have been criticized for being a 'kitchen sink' approach to modeling habitat without adequate consideration of spatial resolution or accuracy [5] -criticisms that are by no means unique to these models [69] . Soils data for much of the project area are spatially coarse, which is not ideal for modeling rare plant habitat, but new soil mapping efforts are underway (Jim Weigand, pers. comm.) and may improve future models. New modeling efforts may also benefit from use of the most recently available spatial data on surficial geology and seasonal temperature and precipitation, all of which were only included in some of the models examined here, despite relevancy to the distribution of many desert plants. Agencies may also want to consider using contract language that requires that new modeling efforts publish clear and comprehensive documentation and full results in a reputable, peer-reviewed outlet (e.g., scientific journal, government technical report). Finally, areas that provide suitable habitat today may no longer provide conditions that are optimal for the species in 10, 20, or 50 years. Long term habitat management and conservation efforts on public lands can benefit from considering how and over what time period climate and landcover conditions are likely to change, revising models as needed based on more recent data, and planning for protection of habitat areas and corridors that will allow species to respond and move, over time, to new locations that may provide suitable habitat in the future.
Supporting information
S1 Supporting Information. Complete materials for all 43 rare plant species evaluated in the study. Materials consist of a summary table, evaluations of the model construction for all species, maps of existing habitat models for all species, maps of probable suitable habitat for 26 species, and maps of potential suitable habitat for targeting future plant surveys for 41 species. (PDF)
